Mechanisms of silicon sputtering and cluster formation explained by atomic level simulations by Barry, Peter R. et al.
Research article
Received: 19 August 2013 Revised: 21 November 2013 Accepted: 21 November 2013 Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI 10.1002/jms.3317Mechanisms of silicon sputtering and cluster
formation explained by atomic level simulations
Peter R. Barry,a* Patrick Philipp,a Tom Wirtza and John KiefferbIn low-energy secondary ion MS, collision cascades result in rare sputter events or unfavourably low sputter yields. To better
identify the origin of emission products generated by low-energy ion impacts, we carried out molecular dynamics simulations
of the underlying collision cascades, using a reactive force ﬁeld that accounts for the dynamic breaking and forming of bonds.
A detailed explanation of the cluster formation and ejection processes for atomic oxygen and also atomic silicon bombard-
ment of Si (100) is given for comparison. Copyright © 2014 John Wiley & Sons, Ltd.
Keywords: simulation; silicon; clusters; oxygen; SIMS* Correspondence to: Peter R. Barry, Science and Analysis of Materials
Department, Centre de Recherche Public – Gabriel Lippmann, 41 Rue du Brill,
L-4422 Belvaux, Luxembourg. E-mail: barry@lippmann.lu
a Science and Analysis of Materials Department, Centre de Recherche Public –
Gabriel Lippmann, 41 Rue du Brill, L-4422, Belvaux, Luxembourg
b Department of Materials Science and Engineering, University of Michigan, Ann
Arbor, Michigan, 48109-2136, USA
1
8
5Introduction
Because of its high sensitivity and dynamic range of elemental
detection while requiring minimal sample preparation, secondary
ion MS (SIMS) is a popular technique in the semiconductor indus-
try for the proﬁling of dopants and impurities. Primary ion bom-
bardment of a surface induces subsurface atomic mixing
leading to complex responses in the form of ejection of surface
matter at different rates[1,2] as a function of the chemical state
of the sample,[3–7] variations in secondary ion yields[8,9] and in
some cases surface roughening.[10,11] The process is further
complicated, considering that a pre-equilibrium regime exists
where the sputter rate and ion yields vary signiﬁcantly,[12,13] thus
rendering quantiﬁcation at very shallow depths practically impos-
sible. This drawback, in conjunction with the continued
miniaturisation of electronic devices as well as the application
of SIMS to organic matter,[14] has required depth proﬁle resolu-
tions of less than 0.5 nm/decade.[15] Such a requirement inevita-
bly implies the reduction of the primary ion energy to the sub
keV range, which has consequences such as reduced sputter/
ejection of particles, oftentimes with yields <1. The resulting
situation then is often one where depth proﬁling may become
impractical. Mainly shallow subsurface implantation[16] of the pri-
mary ions, without desorption of secondary ions, is achieved as
impact energies approach that of the threshold for sputter.
Varying the incident angle while using reactive species such as
oxygen[10,12,17] and caesium[18,19] has been attempted with vary-
ing degrees of success. Clearly, fundamental atomic level insights
into the low energy (LE), sputter induced, collision cascade pro-
cesses are needed.
Atomic level simulations in the form of binary collision approx-
imation[20–27] and molecular dynamics (MD) simulation[28–33] are
frequently used to explain such chaotic cascade phenomena
while complementing experiments in related, problematic areas.
For example, the mass distribution of detected cluster species
can be the result of recombination of emission products into
more stable clusters as opposed to representing actual ejected
species.[34] Garrison et al.[35] have carried out MD simulations to
clarify the range of internal energies experienced by ejected or-
ganic molecules upon keV bombardment. In another study onJ. Mass Spectrom. 2014, 49, 185–194the bombardment of an organic layer on a metal substrate,
Garrison et al.[36] describe two potential mechanisms by which
molecules or their fragments may be lifted off of a substrate.
The ﬁrst occurs when a molecule maintaining multiple contact
points with the substrate is cooperatively pushed upwards upon
substrate perturbation by the primary species’ imparted energy.
The second mechanism involves vertically oriented surface
chains or large fragments. The primary species thus colliding at
the base or middle of the chain clips off a smaller fragment,
which is then ejected. In Topics in Applied Physics 110
(Sputtering by Particle Bombardment),[37] a chapter by Urbassek,
H.M., also discusses many proposed mechanisms of cluster for-
mation ranging from the direct ejection of intact dimers and
the recombination model to so-called push-stick events where
a cascade atom colliding with a surface atom is ejected together
with a surface atom in a bound state.
In regard of defect production in collision cascades, various
simulation studies of amorphisation mechanisms and damage
due to self-bombardment under different conditions have been
reported in the literature. Nordlund et al.[38] have conducted de-
tailed atomic scale simulations characterising the effect of crystal
structure, atomic mass, melting temperature and other material
properties on defect production. Their studies of silicon show
that the open nature of the diamond crystal structure and slow
damage regeneration due to covalent bonding facilitate damage
production and the mixing caused by cascades. In a more recent
article, Nord et al.[39] show that amorphisation of Si, Ge and GaAs
occurs via a process somewhere in between a heterogeneous
and homogeneous mechanism. In this context, Pinzon and
Urbassek[31] show that total number of defects created and ofCopyright © 2014 John Wiley & Sons, Ltd.
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6relocated atoms depend only slightly on the incident polar angle
(i.e. 30° or 60° in comparison with normal incidence).
In this work, the structural evolution of the sample subject to
LE bombardment is characterised and correlated with the
observed sputter behaviour. Thereafter, special attention is de-
voted to the mechanisms involving the formation and ejection
of clusters at a low bombardment energy (250 eV). To this end,
MD simulations are carried out to realistically describe the full
range of atomic, dynamic behaviour within a solid resulting from
the onset of collision cascades. A reactive force ﬁeld that explic-
itly accounts for charge transfer during bond breaking and for-
mation is employed.Computational set-up/details and experi-
mental details
The silicon diamond cubic structure (space group Fd3m at 25 °C,
1 atm)[40] is used as the initial starting conﬁguration. MD simula-
tions of oxygen bombardment of a symmetrically reconstructed
Si (100) surface are carried out using a 43.88× 43.88× 81.45Å3 sili-
con slab (7680 atoms). A second, separate symmetrically
reconstructed Si (100) surface measuring 43.88× 43.88× 43.88Å3
(4096 atoms) is bombarded with silicon atoms for comparison. A
smaller Si surface is employed for Si bombardment of Si for compu-
tational cost savings as the interaction zone of Si bombardment of
Si in this study is expected to be signiﬁcantly shallower than that
for O bombardment of Si. Whereas experimentally, silicon self-
bombardment is not a commonly employed practice, simulation
can be used to isolate and clarify speciﬁc effects, for example, the
inﬂuence of atomic mass in this particular case. Note that, unlike
in experiments, simulations allow one to distinguish between pri-
mary and secondary Si atomswithout isotope substitution. All other
simulation details between the types of simulations are identical.
Two bombarding species (atomic oxygen and atomic silicon) with
energy of 250 eV at an incident angle of 60° to the surface normal
are separately used. Each impact location on the surface is ran-
domly chosen. A small simulation time step of 0.05 fs is employed
to account for the high velocity of the primary atom. The bombard-
ment of the surface and ensuing collision cascades and/or ejection
of atomic species are carried out for 1 ps. This period allows for suf-
ﬁcient dissipation of energy throughout the structure via the atten-
uation of the collision cascades and/or the ejection of surface
atoms. This phase is simulated with constant number of atoms
(N), at constant volume (V) and at constant energy (E), i.e. the NVE
ensemble. After the completion of the NVE simulation phase, a dif-
ferent simulation ensemble is initiated at constant temperature (T),
i.e. the NVT ensemble, and maintained for approximately 0.25 ps.
This second phase consists of scaling the velocities of all atoms in
the simulation such that the system’s temperature, after having in-
creased upon agitation of the atoms because of bombardment, is
reduced to 300 K. This two-step process is repeated for a total of
111 atomic bombardments for both oxygen and silicon bombard-
ment of silicon for a total simulation time of ~0.15ns in each case.
The execution of 111 atomic bombardments within a time
span of 0.15 ns results in a simulation ﬂux rate higher than that
in bombardment experiments (i.e. ﬂux rates on the order of
103 to 106 particles per second). The MD technique samples
phonon periods on the order of fs, resulting in total simulation
times on the order of ns for nanometre size systems. As a result,
the high simulation ﬂux rate is a necessary compromise in the ap-
plication of the MD technique to bombardment experiments. Wewileyonlinelibrary.com/journal/jms Copyright © 2014 Joadapted our system size in order to implement a dose of
~1014 atoms/cm2. Given Si low degree of recrystallisation upon
amorphisation, we reason that the approximate time between im-
pacts and the total simulation time are reason sufﬁcient to charac-
terise damage and rearrangement of the impacted structure within
the aforementioned constraints of the technique. Experiments un-
der similar conditions involving oxygen bombardment at 250 eV
of a silicon sample at an incidence angle of 60° with respect to
the surface normal are carried out in our laboratory. The experimen-
tally determined sputter yield is mentioned in the Results Section.
We used the potential by Kieffer et al.[41–45] to model the struc-
ture and dynamic properties of cristobalite silica and other sili-
con–oxygen systems. The potential incorporates a charge
transfer term and adjusts angular constraints dynamically with
change in atomic coordination. This potential has been shown
to possess transferability between material systems, ranging from
oxides[41,42] to organic compounds.[46] The reactive three-body
potential includes a Coulomb term, a Born-Huggins-Mayer repul-
sive term as well as a three-body term:
ϕi ¼ qi ∑
N
j¼1
qj
4πε0rij
þ ∑
NC
j¼1
Cije
σ iþσ jrijð Þρij
þ ∑
NC1
j¼1
∑
NC
k¼jþ1
φij þ φik
 
4eγijk θθijkð Þ
4
 3
 
(1)
where ϕi is the potential energy of the particle, qi is the charge,
ε0 is the dielectric constant of the vacuum and rij is the
interatomic distance. Coulomb interactions are calculated by
summing over N atoms up to the cut-off distance of the Ewald
summation, whereas the other interactions sum over NC neigh-
bours up to the cut-off distance of the Born-Huggins-Mayer term.
The charge of each atom is given by equation qi ¼ qOi  ∑
NC
j¼1
δijζ ij ,
where q0i is the charge of the isolated atom and ζ ij ¼ 1
1þeb rijað Þ
is
the charge transfer function. Both, a and b are empirical parame-
ters. Covalent bonding is modelled using the term
φij þ φik
 
4eγijk θθijkð Þ4  3
 
, where φij ¼ Cij κijηij ζ ije
λijrijð Þηij de-
scribes the attraction between two atoms, θ is the equilibrium
bond angle and θijk is the angle formed by the bond vectors rij
and rik. Furthermore, Cij ¼ Aij 1þ zini þ
zj
nj
 
where zi is the valence
and ni is the maximum number of electrons in the outer shell of
atom i. Coulomb interactions are calculated using the Ewald
summation method. For the low impact energies studied in this
paper, an interpolation to a high-energy potential such as the
ZBL potential is not required. A more detailed description of
the original force ﬁeld can be found in the study of Huang
and Kieffer.[43] Modiﬁcations to that potential as well as the
optimisation of Si–O parameters are described in the study of
Philipp et al.[47]
Results
As mentioned in the Computational Set-up/Details and Experi-
mental Details Section, two separate silicon samples are
bombarded individually with atomic oxygen and also atomic sil-
icon at 250 eV. The bombardment process leads to the implanta-
tion of the primary atom in the silicon sample.
Figure 1 gives the implantation depth upon impact for ener-
getic oxygen (Fig. 1(a)) and silicon atoms (Fig. 1(b)) on twohn Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 185–194
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Figure 1. Implantation depth in Å beneath the plane of impact for (a) oxygen bombardment of silicon and (b) silicon bombardment of silicon.
Silicon sputtering and cluster formationseparate Si (100) surfaces. A larger percentage (72%) of the
bombarding oxygen atoms implant into the silicon surface
compared with that for silicon bombardment (52%). For silicon
bombardment, all implanted silicon atoms remain within the ﬁrst
14 Å beneath the impact surface, which is in stark contrast to the
case for oxygen bombardment. Quantitatively, ~48% of the 111
oxygen impacts remain within a depth of 14 Å beneath the sur-
face, whereas for silicon impacts, the percentage is just slightly
higher at 52%. Thus, at the depths of the subsurface region from
which atoms are mostly likely ejected at such low impact energy,
a roughly equal number of implantation species (be it oxygen or
silicon) is achieved.
The bombardment and implantation of primary atom species
undoubtedly modify the structure of the silicon surface. This
structural change is captured by the pair correlation function il-
lustrated in Fig. 2. After 101 consecutive bombardments, the pair
correlation function is shown for the two separate bombardment
cases to a depth range of approximately 21–30Å beneath the
surfaces impact plane. Both graphs (Fig. 2(a) and 2(b) for oxygen
bombardment of silicon and silicon bombardment of silicon, re-
spectively) illustrate a radial distribution function of short-range
order, typical of that for amorphous silicon.[48] For the case of ox-
ygen bombardment, there is a small peak at a distance of 1.76 Å,
which is attributed to oxygen substitution in the silicon lattice.
To further explore the extent of structural change due to bom-
bardment, the two bombarded silicon targets are analysed with
respect to Si–Si bond length as a function of depth into the target
from the plane of impact. Five adjacent zones, each 7 Å in thick-
ness and ranging from the plane of impact to a maximum depth
of 35 Å, are analysed. This range represents the widest region ofSi-Si 1st NN
~ 2.35 Å
Si-Si 2nd NN
~ 3.84 Å
Si-O 
~ 1.76 Å
O bombardment of Si 
          101 impacts 
a)
g(r) g(r
Figure 2. The pair correlation function of the silicon surface used in this stud
faces by (a) oxygen and (b) silicon. The radial distribution function is calculat
J. Mass Spectrom. 2014, 49, 185–194 Copyright © 2014 John Wphysical, subsurface damage because of LE bombardment. The
mean and median Si–Si bond lengths are practically identical
(~1% difference). This trend holds as a function of depth beneath
the plane of impact. Over a subsurface depth range of 0–35Å, the
average Si–Si bond length varies by a maximum of 2% from an
overall average value of 2.37 (Table 1). The maximum average layer
value of 2.39Å is ~2% larger than the experimental value of 2.33Å.
A comparison of the two bombardment cases shows resulting aver-
age Si–Si bond lengths that are slightly lower for oxygen bombard-
ment (2.36Å) but with a signiﬁcantly larger standard deviation
compared with bombardment by silicon (i.e. average standard de-
viation over a depth range of 0–35Å, Si➔ 0.14, O➔ 0.23).
For both bombardment cases, instances of two simultaneous
atomic ejections or the ejection of Si–Si ‘clusters’ are examined
more closely in terms of bond lengths before ejection. The aver-
age bond lengths of the ejected clusters are identical, with an av-
erage value of 2.37 Å and standard deviation of 0.10 and 0.08 as
shown in the last two columns of Table 1.
Figure 3 illustrates the change in coordination of silicon atoms
as a function of depth beneath the plane of impact after 29 and
111 consecutive impacts. In comparing Fig. 3(a) and 3(b) for
oxygen bombardments of 29 and 111 impacts, respectively,
one observes that over the depth range considered, the number
of low-coordinated silicon atoms (i.e. onefold, twofold and three-
fold coordinated Si) increases noticeably at the expense of the
fourfold coordinated Si atoms. Because of oxygen incorporation
into the structure, a small fraction of the silicon atoms are ﬁvefold
coordinated. These are observed in Fig. 3(a) at depth ranges of
7–21 and 28–34Å beneath the impact plane. In Fig. 3(b), this
range spans 14–34Å beneath the impact plane.Si-Si 1st NN
~ 2.35 Å
Si bombardment of Si 
          101 impacts 
Si-Si 2nd NN
~ 3.84 Å
b)
)
y are shown after 101 consecutive bombardments of separate silicon sur-
ed over a range of 21–30Å beneath the plan of impact.
iley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Table 1. Si–Si bond lengths as a function of depth beneath the impact surface for silicon (blue) and oxygen (red) bombardment and their respec-
tive standard deviations
Si bombardment O bombardment Ejection site
Depth (Å)
beneath surface
Si–Si bond
length (Å)
Standard
deviation
Si–Si bond
length (Å)
Standard
deviation
O impacts Si–Si
bond length
Si impacts Si–Si bond
lengths
0–7 2.37 0.19 2.35 0.27 2.37 ± 0.10 2.37 ± 0.08
7–14 2.34 0.20 2.34 0.29
14–21 2.38 0.16 2.35 0.24
21–28 2.39 0.09 2.37 0.20
28–35 2.37 0.06 2.37 0.14
The last two columns on the right give the average bond lengths and standard deviations during the period of ejection for Si dimer species right
before impact and subsequent ejection.
Figure 3. Coordination of silicon atoms at different stages of O and Si bombardment of a silicon surface.
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8A similar trend is observed in Fig. 3(c) and 3(d) for 29 and 111
Si impacts on the silicon surface. No ﬁvefold silicon coordination
is observed, unlike for oxygen bombardment. Also, at a depth
range of 21–28Å in Fig. 3(c), the silicon structure is almost
completely fourfold coordinated. After 111 silicon impacts (Fig. 3
(d)), at a depth range of 21–28Å, the structure begins to resem-
ble that of oxygen bombardment at the same depth range after
29 impacts. This is consistent with Fig. 1, where silicon is
implanted at a much shallower range beneath the impact plane
in comparison to oxygen bombardment. Hence, the damage
zone due to silicon bombardment is smaller than that created
by oxygen bombardment.
Silicon bombardment of a silicon surface at 250 eV gives a
sputter yield superior to that of oxygen bombardment of a silicon
surface under similar conditions. As Fig. 4 shows on the left panel,
for approximately the ﬁrst 25 successive bombardments (i.e. a
little less than 2.0 × 1014 atoms/cm2), the number of ejectionswileyonlinelibrary.com/journal/jms Copyright © 2014 Jofor both cases is almost identical, and hence also, the instanta-
neous sputter yields (Fig. 4 right panel). Beyond a critical number
of impacts, the number of ejections with successive bombard-
ments begins to diverge for the two cases. At one point in the
process, between 50 and 75 consecutive surface impacts, the in-
stantaneous sputter yield for that of silicon bombardment attains
a value more than twice that of oxygen.
After 111 successive impacts to their respective targets,
bombardment by silicon yields 146 ejections for a sputter yield
of ~1.32 and 82 ejections for a sputter yield of ~0.74 for oxygen
bombardment. The sputter yield of 0.74 for oxygen bombard-
ment is close to the experimental value of ~0.55, measured under
similar experimental conditions (see Section on Computational
Set-up/Details and Experimental Details) in our laboratory.
Eckstein et al.[49] obtained higher sputter yields ranging from
0.9 to about 1.09 in employing a variety of repulsive potentials
for silicon bombardment of silicon at 200 eV.hn Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 185–194
Figure 4. The cumulative number of sputtered atoms for Si bombard-
ment of Si and O bombardment of Si with successive impacts plotted
on the left panel and instantaneous sputter yield for the same data set
on the right panel.
Silicon sputtering and cluster formationEjection of particles and clusters
Table 2 shows the number of different ejected species as a result
of two separate silicon targets being bombarded at 250 eV with
single oxygen atoms and single silicon atoms, respectively. The
dominant ejected specie for both oxygen and silicon bombard-
ment of the surface is that of single silicon atoms (~79% of the
ejected species). The second most favourable specie ejected is sil-
icon dimers (15–18% of the ejected species). The other types of
ejected species (i.e. Si–O and Si–Si–O for oxygen bombardment
and Si–Si–Si for silicon bombardment) account for the minority
cases.
The observed levels of cluster formations from our MD simula-
tions results are consistent with their corresponding literature
heat of formation values.[50] In other words, larger positively
values of the calculated formation energy of the clusters imply
a lesser frequency of cluster observance in our simulations. For
silicon bombardment of silicon, the ejected species, in order of
decreasing frequencies (as giving by Table 2) are Si, Si–Si and
Si–Si–Si. Accordingly, the formation energies[50] are increasing
in this order as it is more difﬁcult to form Si–Si–Si on bombarding
a silicon sample as opposed to Si, all things considered equal. The
observed behaviour under oxygen bombardment of silicon is less
obvious. As a comparison of their formation energies would re-
veal, Si–O and Si–Si–O species are energetically favourable than
the Si cluster species; however, they are ejected to a comparably
much lesser extent in this study. To understand this, it is neces-
sary to consider the complete silicon–oxygen precursor se-
quence. As is common knowledge, oxygen has a strong afﬁnity
for silicon and readily forms a variety of glass compounds.[40,51]
As previously mentioned, almost ¾ of the impacting primary ox-
ygen atoms remain implanted within the silicon surface. Figure 9Table 2. The total count of ejected species at the end of the simula-
tions after 111 consecutive bombardments
Primary
ion
Si Si–Si Si–O Si–Si–Si Si–Si–O Total number of
bombardments
Oxygen 59 11 4 0 1 111
Silicon 95 22 0 4 0 111
J. Mass Spectrom. 2014, 49, 185–194 Copyright © 2014 John Whighlights some of the resulting silicon–oxygen structures. As
expected, with a valence of 2, oxygen forms an ‘oxygen bridge’
in silicon (i.e. Si–O–Si), thereby breaking up the tetrahedral silicon
network. Other silicon–oxygen bond types formed include Si–O
and Si–Si–O as transient small fragments within the structure;
however, these cases are in the minority.
Figure 1(a) illustrates that 80 of the 111 primary oxygen atoms
with energy of 250 eV are implanted. Of these 80, only 28
are implanted at a depth of 7 Å beneath the plane of impact
(i.e. depths from where atoms are most likely to be ejected from
the surface). By comparison, at the end of the simulations, the
silicon to oxygen ratio is ~24 : 1 at shallow depths near the impact
plane. This is partly due to the timescale for the MD technique,
which here, allows for primary atom ﬂuence on the order of
1014 atoms/cm2. Given this condition and the low impact energy
of 250 eV, low sputter yields are observed for oxygen bombard-
ment. This also affords fewer opportunities for sputter events to
lead to cluster formation and ejection involving primary O atoms.
Thus, single silicon atoms and small silicon clusters are favoured
for ejection. We reason that in a situation of higher oxygen
ﬂuence, on the order of 1016 to 1017 atoms/cm2, where a substan-
tially larger number of oxygen atoms may be maintained at
shallow depths in the near-impact subsurface region, a signiﬁ-
cantly larger fraction of ejected species would be present as small
clusters comprising of O atoms.1
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9Analysis and discussion of cluster sputter
mechanisms
The most obvious explanation for the sputter behaviour ob-
served from our MD simulations is based on the difference in
mass between the bombarding silicon and oxygen. Interestingly,
the ratio of the two sputter yields (1.32/ 0.74; Fig. 4) gives a factor
of ~1.78, which is only 3% greater than the corresponding ratio of
atomic masses. Oxygen has an atomic mass of 15.99 g/mol,
whereas that of silicon is 28.086 g/mol, thus approximately 1.75
times more massive than oxygen. At an impacting energy of
250 eV, the oxygen atom has a linear momentum that is ~3/4 that
of a silicon atom with identical impacting energy. This implies
that under these physical conditions (and putting aside for the
moment arguments of primary atom chemical effects), silicon
impacts induce more surface damage and hence sputter more
strongly compared with oxygen impacts. Indeed, this is the
case. Furthermore, given the inherently low simulation ﬂuence
(as mentioned in the Results Section regarding the shallow sub-
surface silicon to oxygen ratio), a silicon oxide layer is not ob-
served, thus limiting potential chemical effects on both sputter
yields and ejection of oxide clusters.
Figure 5 supports the hypothesis of enhanced surface damage
with silicon impacts in depicting the cumulative ejection fre-
quency of Si–Si clusters as a function of consecutive bombard-
ment for the two cases. It is interesting to note that for oxygen
bombardment of silicon (the red curve), the rate of Si–Si dimer
ejection may be divided into two regimes. The crossover be-
tween regimes is at about the 80th consecutive bombardment
(i.e. ﬂuence of ~4.4 × 1014 ions/cm2). For silicon bombardment
of silicon (blue curve), only a single regime is observed, as the
Si–Si dimer sputter rate remains essentially constant. For oxygen
bombardment, the difference in the two phases concerns the
ejection rates, i.e. the reciprocal of the time intervals between
cluster ejection events. The initial regime is marked by longeriley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
Figure 5. Evolution of Si dimer ejection for O and Si bombardments.
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0periods between cluster ejection events, compared with shorter
periods during the latter regime, which is reﬂected in a signiﬁcant
increase in the slope. The sputter yields (i.e. all ejected species in-
cluded) over the initial and latter phases are 0.57 and 1.31, re-
spectively. We surmise that, given its inferior mass, oxygen
bombardment requires a larger number of impacts to attain cor-
responding amounts of surface damage as compared with silicon
impacts. We further reason that the extent of the surface damage
is directly related to rate of sputter. The rate of sputter is practi-
cally identical in Fig. 5 after approximately 80 consecutive
impacts.
As mentioned previously, the size and mass of the bombarding
species play an important role in the sputter process and hence
the evolution of damage accumulation in the irradiated area
and surface roughness. In comparing the simulation snapshots
for silicon and oxygen bombardment, one can follow the differ-
ences in the evolution of the surface roughness. In Fig. 6, by visu-
ally comparing the surface after 22 impacts to that after 83X
Z Si (250 eV) bombardment of Si (100)
Si-Si dimer ejections
22th impact              ejected atoms were enlarged for emphas
83rd impact
impact herecascade volume
Figure 6. Two groups of simulation snapshots showing the progression from
conditions are employed in the x and y directions.
wileyonlinelibrary.com/journal/jms Copyright © 2014 Joimpacts, it is clear that surface roughness increases upon continued
bombardment. In Fig. 7 where the difference in the number of sili-
con impacts is smaller, (a difference of 61 impacts in Fig. 6 com-
pared with 23 in Fig. 7), it is still evident that more fragments
protrude vertically from the surface after 78 impacts in comparison
to that after 55 impacts. Figure 8 shows the beginning phase of ox-
ygen bombardment on silicon (i.e. after only 5 and 11 impacts).
Here, the surface roughness is almost at the level of atomic, lattice
corrugations expect for a few protrusions demonstrating the ejec-
tion process. In transitioning to Fig. 9 at considerably higher num-
ber of oxygen impacts (i.e. 101), the bombardment surface is
evidently much more corrugated and dominated by the presence
of small protruding fragments as for silicon bombardment.
Placing a reference plane perpendicular to the z-axis, along the
surface, starting at the topmost protruding atom and moving it
downwards incrementally at ﬁxed Δz, beneath the plane of im-
pact, each time keeping a cumulative total of the number of
atoms above the reference plane, on obtains a quantitative
z-dependent proﬁle of the surface roughness. This procedure is
used to generate the graphs of Fig. 10 depicting the cumulative
number of atoms above the reference line as a function of depth
beneath the impact plane. A Δz increment of 0.5 Å is used. By this
method, the rougher surfaces initially demonstrate (at shallow
subsurface depths) a smaller slope, whereas the more smooth
surfaces have a somewhat steeper slope. At large enough depths
beneath the plane of impact, the slopes of the graphs should in-
crease at similar, constant rates as the additional atoms added
above the reference line are no longer surface atoms but those
of the amorphous or crystalline bulk.
Figure 10 corroborates the surface roughness conclusions on
the basis of visual inspections of Figs. 6–9. Figure 10(a) and 10
(b) shows the cumulative atom count above the sliding reference
line to a depth of 25 Å. The slopes for all of the graphs are prac-
tically identical at distances beyond ~7Å beneath the plane ofis
the ejection of silicon fragments upon bombardment. Periodic boundary
hn Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 185–194
XZ Si (250 eV) bombardment of Si (100)
Si-Si-Si cluster ejections                    ejected atom were enlarged for emphasiss 
55th impact
78th impact
Figure 7. Two groups of simulation snapshots of silicon bombardment of silicon at impact numbers 55 and 78 depicting the ejection of Si–Si–Si frag-
ments. Periodic boundary conditions are employed in the x and y directions. The arrows indicate atomic trajectories.
X
Z O (250 eV) bombardment of Si (100)
Si-Si dimer ejections  
       
bombarding O (red) and ejected Si (yellow) were enlarged for emphasis5th impact
11th impact
Figure 8. Oxygen bombardment of Si (100) surface where dimers are ejected. Periodic boundary conditions are employed in the x and y directions of
the surface. In (a) the Si atoms from which the dimers are to be formed are initially 3.25 Å apart.
Silicon sputtering and cluster formation
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1impact. Figure 10(c) and 10(d) examines the shallow subsurface
region in the range of 0–7Å, as this region is dominated by the
surface atoms.
The black, stepwise curve represents the pristine crystalline sil-
icon surface prior to simulation. The horizontal segments in these
steps correspond to open spaces between crystal planes. The
lengths of all vertical segments are identical. Figure 10(c) shows
that with increasing number of silicon impacts, the surface
roughness increases, as is evident by decreasing slopes (i.e. the
numbers next to each segment of the curves) in the range of
0–4.5 Å. In Fig. 10(d), a similar behaviour is observed for oxygen
impacts, except that, here, the dynamic evolution of the surface
roughness is captured, because after the 78th oxygen impact,J. Mass Spectrom. 2014, 49, 185–194 Copyright © 2014 John Wthe surface roughness is higher than at the 101st impact. A sim-
ilar behaviour (not shown in graphs) in surface roughness is also
captured for silicon bombardment by comparing data after 83rd
and 101st impacts, where the latter shows lower surface rough-
ness (because of removal of protruding, loosely bound surface
clusters) than the former. Regardless of the natural ﬂuctuations
of the surface roughness with extended number of impacts, it is
clear that the surface becomes more heavily damaged with in-
creasing impacts, and this accumulated surface damage fosters
the ejection of various species as depicted in Table 2 and Fig. 5.
The ejection of small clusters in this study involves primarily
one of two mechanisms. In one mechanism, small clusters form
just above the impacted surface site immediately after ejectioniley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
XZ O (250 eV) bombardment of Si (100)
Si-Si dimer ejections 101st impact
bombarding O (red) and ejected Si (yellow) were enlarged for emphasis
In Figs. a thru d, only a 
few implanted O and 
neighboring Si are shown
In Figs. e thru h, the continued 
progression of the dimer
ejection is shown; however
with all atoms for a larger
portion of the sample.
Figure 9. Oxygen bombardment of Si (100) surface where Si–Si dimers are ejected. Periodic boundary conditions are employed in the x and y direc-
tions of the surface. The instantaneous dimer bond length is noted in some of the snapshots.
Figure 10. Cumulative total of atoms from the plane of impact to within the surface at successive, increasing intervals of Δz=0.5. Curves are given after
chosen number of consecutive impacts. The numbers adjacent to the curves denote their slopes at various intervals (maximum of three intervals given
per curve) are given on the basis of linear ﬁts for segments of each curve.
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2of atomic entities. This mechanism is a characteristic of the re-
combination model discussed in the Introduction Section.[37]
For this mechanism, the sputtered atoms are not directly at-
tached prior to impact but instead are ejected from the same lo-
cal area of the surface. Upon ejection, and owing to initial
trajectories that intersect, these individually ejected species
quickly form small clusters, which may or may not maintain their
structural integrity as they slowly (in comparison to most cases ofwileyonlinelibrary.com/journal/jms Copyright © 2014 Josingle species ejection) move together and away from the sur-
face of impact. An example is given for oxygen bombardment
of silicon in Fig. 8(e): after the 11th impact the silicon atoms that
eventually form a dimer were initially 3.25 Å apart.
In the second mechanism we observed, the cluster is ‘lifted’ off
of the surface because of perturbations from bombardment and
is similar to the mechanisms described by Garrison et al.[36] In
some cases, direct ejection of dimers is observed. In Fig. 6(e–h),hn Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 185–194
Silicon sputtering and cluster formationafter the 83rd impact, an initially larger cluster is lifted off of the
surface by a Si atom (indicated with the arrow) impacting the sur-
face, a few angstroms from the location at which the cluster is to
be ejected. As a result of subsurface collision cascades, the two
cluster groups (consisting of a silicon trimer and a dimer) are
lifted off of the surface (Fig. 6(e) and 6(f)). In Fig. 6(g) and 6(h),
the dissociation of the trimer group leads to the ultimate ejection
of two dimer groups. Figure 7(a–d) also shows the trajectory
(with arrows) of the 55th impacting silicon atom, which strikes
the base of the surface cluster and thereby ‘lifting’ a cluster of
six (6) silicon atoms (later in Fig. 7(c) to be dissociated into two
distinct trimer groups) off of the surface. Yet, in Fig. 7(f), upon
the 78th silicon impact at grazing incident angle (indicated by
the curved arrows) travels just below the surface and makes con-
tact with a surface Si trimer from the side along the x-axis and
‘lifts’ it off the surface.
In some cases, a combination of the two mechanisms works
cooperatively to form the same cluster. For example, Fig. 9(a) de-
picts a silicon dimer on the surface with a bond length of 2.56 Å
prior to the 101st O impact onto Si (100) at 250 eV. After impact,
this cluster gains enough energy to be ejected from the surface
as is noted in Fig. 9(e) with a bond length of 2.57 Å. In Fig. 9(g),
the dimer temporarily forms a silicon trimer in attaching to an-
other ejected lone silicon atom. Figure 9(h) shows that the trimer
is short-lived; it disintegrates into the original dimer and the most
recently acquired lone silicon atom. Yet, another example of the
combined mechanism is given in Fig. 6 upon the 22nd impact
of silicon on Si (100). Figure 6(a) shows a group of loosely
bounded atoms, consisting of at least three Si dimer groups that
are lifted off the surface. Figure 6(b) shows two groups, a Si5
group and a Si dimer group, formed as a result of silicon recom-
bination above the surface after ejection. The end result, how-
ever, is the fragmentation of the cluster into smaller, more
stable clusters as is demonstrated by Fig. 6(c) and 6(d). It is impor-
tant to note that the mechanisms describe mainly the ejection of
clusters with two to four atoms are quite rare events and that
most sputter events involve the emission of single atoms.1
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3Conclusions
Molecular dynamics simulations have shown and described in
detail, atomic process of small cluster formation during LE-SIMS
of a silicon surface, comparing bombardment by atomic oxygen
and atomic silicon. The two primary ejection mechanisms are
(1) Cluster formation from individual atoms only a few angstroms
above the impacted surface immediately after ejection, and (2)
The lifting off of loosely bounded fragments resting on the dam-
aged surface. On the basis of the ﬁndings for the majority of the
observed cases herein, we conclude that many of the larger clus-
ters (i.e. Si3 and greater) resulting from the described mecha-
nisms fragment during ejection from the surface to form more
stable, smaller Si dimers. Bombardment of silicon by atomic sili-
con exhibits a sputter yield superior to bombardment by atomic
oxygen when both have impact energies of 250 eV. The sputter
yield ratio coincides almost precisely with the ratio of atomic
masses. In both cases, atomic silicon is the dominant ejected spe-
cies. Cluster ejections increases during the course of bombard-
ment, owing to a more pronounced surface roughness and
accumulated subsurface damage. The description and explana-
tions provided in this may give additional insights to experimen-
talists regarding atomic level processes of collision cascades ofJ. Mass Spectrom. 2014, 49, 185–194 Copyright © 2014 John Wsilicon, the ensuing damage and ejection of clusters. These ideas
may in turn aid in the formulation, construction and execution of
future silicon SIMS experiments.
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